Introduction
The toxicity of pesticides to birds has long been a matter of concern to conservationists, and is a factor taken into consideration by regulatory authorities when making environmental risk assessments for new chemicals. Experience has shown that toxicity data obtained using rats, mice and rabbits do not provide reliable guidance as to avian toxicity.
Where the toxicity of a pesticide is found to be substantially and consistently different between birds and mammals it is of interest to establish the toxicokinetic and/or toxicodynamic factors which are responsible. The first part of this paper will consider some metabolic differences between birds and mammals which are related to the selective toxicity of certain pesticides.
A number of pesticides have been shown to cause the deaths of birds even when used in an approved fashion in agriculture and horticulture. Thus, persistent organochlorine insecticides have been implicated in the deaths of grain-eating and predatory birds [ 11, and non-persistent insecticides of high acute toxicity such as carbophenothion and aldicarb have caused deaths of Anser geese and gulls respectively [2, 31. In the llnited Kingdom, the Annual Report of the Wildlife Incident Scheme (M.A.F.F.) draws attention to a considerable number of bird casualties on agricultural land attributable to a range of non-persistent pesticides (usually insecticides) each year. Until now, attention has been focused upon the lethal effects of single chemicals. However, birds are exposed to combinations of chemicals under field conditions and there has been growing concern about possible toxic effects which may be the consequence of interactions between pesticides. The second section of this paper will deal with the toxicological consequenes of the induction or inhibition of enzymes involved in the metabolism of pesticides. It will focus on situations where the modulation of the activity of an enzyme by one pesticide can increase the sensitivity of birds to other pesticides.
Abbreviations used: PTH, phosphoric triester hydrolase; HMO, hepatic microsornal mono-oxygenase.
Selectivity of insecticides between birds and mammals which is related to differences in metabolism
The great majority of commercial insecticides are lipophilic compounds, subject to metabolic attack by the same enzymes which degrade other fat soluble xenobiotics. Metabolism leads, in the great majority of cases, to the production of water-soluble metabolites and conjugates which, unlike the original insecticides, are readily excreted in bile and urine. Metabolism usually leads to detoxication, although there are some important exceptions to this. Most notably, some organophosphorus insecticides are converted into their active forms by mono-oxygenase attack [ 41. The differences between birds and mammals to be considered here relate to constitutive enzymes; consideration will not be given to differences in inducible enzymes about which there is only limited information [ S ] . All of these compounds have two features in common: ( a ) they are phosphorothionates whose toxicity depends upon conversion to active oxon forms by mono-oxygenase attack and ( b ) their oxon forms are rapidly detoxified by phosphoric triester hydrolases (PTH) [6-91. There is a striking difference between mammals and birds in regard to the activity of PTH (Table 1 ). In a comparative study, nine out of 14 species of birds had no measurable serum PTH activity, the remaining five species having very low activities. Ten mammalian species all had much higher activities than those measured in birds. Only one mammalian species (the capybara) had activities as low as those of birds [8] .
Differences in phosphoric triester hydrolases
An in vivo study compared the metabolism of pirimiphos-methyl in the rat with that in Japanese quail [lo] . Rats received seven times the dose given to quails, and showed no significant inhibition of blood cholinesterase after 15 min. Quail, on the other hand, showed strong inhibition of blood cholinesterase. Consideration of this and other results led to the following interpretation [l 11. After absorption from the gut, pirimiphos-methyl was activated to its oxon by mono-oxygenase attack, principally in the liver. Rapid hydrolysis of the oxon in the rat prevented its transport to the brain where it could have had a toxic effect. In quail, on the other hand, the oxon was released from the liver into the blood. Because there was little detoxication by PTH, the oxon caused strong inhibition of blood cholinesterase, and was transported to the brain where it inhibited brain cholinesterase.
In general, the insecticides mentioned above are of relatively low toxicity to mammals and the main reason for this would appear to be that they are excellent substrates for mammalian PTHs, which rapidly detoxify them. Birds, on the other hand, do not have substential levels of PTH to protect them, and are accordingly more vulnerable to thse phosphorothionates. It is interesting to note that parathion, whose active oxon form is a relatively poor substrate for PTH, is not selective between birds and mammals. There is no evidence to suggest that this selectivity is related to monooxygenase attack. Indeed, available evidence suggests that oxidative activation may be more rapid in mammals than in birds [S].
Diferences in hepatic microsomal monooxygenase (HMO) activities
A variety of forms of cytochrome Z',5(, provide the catalytic sites of HMOs, where molecular oxygen is activated. HMOs, as a group of enzymes, are remarkable for their versatility, being able to catalyse the oxidative metabolism of nearly all lipophilic xenobiotics. They are particularly important in the initial biotransformation of lipophilic compounds which lack functional groups (such as ester, hydroxyl, nitro, amido), and which can be attacked by more specialized types of enzymes. Thus, the slow metabolism of organochlorine compounds such as dieldrin, pp' dichlorodiphenylethylene (pp'DDE), hexachlorocyclohexanes (HCHs), polychlorinated biphenyls (PCRs) and polychlorinated dibenzodioxins (PC1)I)s) is largely accomplished by this group of enzymes. If these compounds are not metabolized sufficiently rapidly to water-soluble and readily excretable products, long biological half-lifes and marked biomagnification with movement along food-chains are the expected consequences [12] . Thus, in the context of environmental pollution by organochlorine insecticides and related lipophilic compounds attention needs to be given to those species which have a low capacity to biotransform them to more watersoluble products. 
Enhancement of toxicity as a consequence of modulation of enzymic activity
At the toxicokinetic level, there are two principal ways in which modulation of enzymic activity by one chemical may lead to an increase in the toxicity of a second chemical. First, by the inhibition of an enzyme which has a detoxifying function. Secondly, by the increase in activity of an enzyme which has an activating function. In the following account examples will be given of these two types of interactive effect in birds. Table 3 Brain cholinesterase activity in red-legged partridges following dosing with either malathion ( I67 mg kg-I 
Discussion
The foregoing account highlights the importance of metabolism in determining the toxicity of pesticides (and by implication other xenobiotics) to birds. Careful consideration should be given to the very low activities of serum PTH in birds generally, and the low HMO activities in many predatory birds in comparison with mammals. Differences such as these underlie the observed selective toxicity of certain pesticides between birds and mammals and illustrate the unsuitability of mammalian models for estimating avian toxicity. There are also cases where toxicity is greater to mammals than to birds e.g. pyrethroids [ 171.
Apart from the enzymes given prominence here, recent work indicates that there are differences in serum carboxylesterase activities of different groups of birds. Omnivores and herbivores appear to have higher activities and a wider range of esterase forms than carnivores [ 181. This may mean that there are corresponding differences in the toxicity of lipophilic esters which are metabolized by these enzymes.
The enzymic differences discussed were restricted to constitutive enzymes. Not much is known about inducible enzymes of birds [ S ] . On Volume 19 limited evidence, it does appear that birds are less suceptible to phenobarbital-type induction of HMOs than are mammals. In view of the detoxifying function of phenobarbital-induced HMOs of mammals, this may mean that birds are more vulnerable to certain xenobiotics -especially in the case of chronic exposure.
In principle the mechanisms underlying the interactive effects described above are not restricted to birds, and might also apply to mammals and other groups. However, the enzymic differences between birds and mammals, may mean that particular combinations of chemicals will not produce the same interactions in both groups. For example, birds may be particularly prone to enhancement of toxicity of certain organophosphorus compounds as a consequence of induction of HMOs. Mammals are likely to be better protected against such effects because they have relatively high PTH activity to degrade active oxons generated by induced HMOs.
